Introduction
Accurate measurement of vocal tract (VT) shape during phonation is an important part in the study of speech production.
Chiba and Kajiyama' and Fant2) used X-ray photography for the measurement of the vocal cavity. Magnetic resonance (MR) techniques have no known harmful side effects, and are capable of measuring 3-dimensional (3D) shapes. In recent years, MR techniques were used to measure 3D VT shapes. [3] [4] [5] [6] In these studies, however, problems of the measurement accuracy still remain.
We have devised an accurate method7) to measure 3D VT shapes from multiple directional MR images by referring to a mid-sagittal image. Coronal MR images are used for the oral region and axial MR images for the pharyngeal and glottal regions. MR images of dental impressions of a subject are also incorporated into the measurement.
In this paper, we first describe briefly our method to measure 3D VT shapes and VT lengths. By using this method, 3D VT shapes of a boy, a female and a male during phonation of Japanese vowels /a, i, u, e, o/ have been measured and subjected to the quantitative comparison of the dimensional differences of the VT shapes among male, female and child subjects. To our knowledge, 3D VT shapes of the five Japanese vowels of a child have been measured for the first time by this study.
Formant frequencies were computed from the 3D VT shapes measured for the three subjects to compare with the ones of a real voice.8) Results showed that except for a few cases, the differences between the two measurements were all less than the difference limen (DL).9) This implies that our method to measure the 3D VT shape is fairly reliable. 
Extraction of vocal tract boundary
An interactive program was developed to extract VT boundaries from MR images by utilizing the fact that VT airway is much darker than muscles or other tissues. The program was based on binary valued imaging and boundary tracing which were usually used in image processing areas.6) 2.3 Reconstruction of 3D vocal tract shape 3D VT shapes were reconstructed from the VT boundaries which were extracted from coronal (the oral region) and axial (the pharyngeal and glottal regions) images. A mid-sagittal image was used as a reference to determine their proper positions. Figure 2(a) shows the reconstructed 3D VT shape of a Japanese vowel /a/ for the male subject.
The coronal boundaries of the vocal tract were then modified by deleting the space occupied by the teeth which were extracted from the images of dental impressions.
Measurement of area functions
The mid-sagittal VT boundary was used not only for the 3D VT reconstruction, but also for the measurement of the VT length. A center line of the tract was calculated by finding all the mid-points between the upper boundary (boundary that includes palate contour) and the lower boundary (boundary that includes tongue contour) from the glottis to the lips. Figure 2 (b) illustrates the center line and the planes perpendicular to it for a Japanese vowel /a/ of the male subject. The length of the tract center line was regarded as the VT length.
It is well known that a soundwave front below 4kHz
propagates perpendicularly to the center line of the vocal tract. We estimate the cross-sectional area corresponding to the soundwave front. The center line was divided into sections at an equiinterval of about 0.85cm (see Fig.2(b) ).
At the midpoint of each section, a plane that is perpendicular to the center line was made. The VT area was estimated from the tract boundary that lies on each of the plane. By accumulating the areas, the area function of the 3D Fig.3 Area function of /a/.
VT was obtained.
An estimated area function of /a/ for the male subject is shown in Fig.3 .
The transfer function of the measured area function was computed by an algorithm proposed by Sondhi and Schroeter,11) in which losses of the tract wall were considered.
Formant frequencies were computed from the transfer function.
Acoustic analysis
To evaluate the measurement accuracy of VT area functions, formant frequencies of real utterances of each vowel were also measured by means of a 10th order (12th for male subject) LPC analysis of successive 25ms (30ms for male subject) window length with a sampling rate of 10kHz.
3. Results and discussion 3.1 Area functions across male, female and child subjects Figure 4 shows the VT area junctions of the Japanese vowels /a, i, u, e, o/ measured for the three subjects. The first four formant frequencies have been computed8) from these area functions.
The frequencies were compared with the ones estimated from the original utterances. Results showed that except for a few cases, differences between the measured values and the original ones of the first three formant frequencies were all less than the perceptual difference limen (DL) of the formant frequencies of vowels (about 5%9)). 3.2 Dimensional differences in the VT shapes among male, female and child subjects To study the dimensional differences in the VT shapes across male, female and child subjects, the VT was divided into three sections, i.e. the oral section (from the lips to the uvula), the pharyngeal section (from the uvula to the top of the epiglottis) and the laryngeal section (from the top of the epiglottis to the glottis). The length of these sections was measured along the center line shown in Fig.2(b) .
Then their percentages to the whole VT length were calculated for the three Fig.4 Area functions of the five Japanese vowels measured from MR images of the male, female and child subjects. Dimensional differences in the vocal tract shapes among the male, female and child subjects. subjects. They are shown in Fig.5 , where we can see that for the male subject, the oral section is relatively small in percentage, and the laryngeal section is relatively large as compared to the female and child subjects. Figure 5 shows a nonuniform relationship among the VT dimensions of the male, female and child subjects. It is qualitatively known that the nonuniformity of formant frequencies among a male, a female and a child is due to the difference in the physiological dimensions of the vocal tract. This paper provides quantitative data on the nonuniform dimensions of the vocal tract among a male, a female and a child during phonation of five Japanese vowels.
Conclusion
By using an accurate method to measure 3D VT shapes from MR images, VT shapes of a boy, a female and a male during sustained phonation of Japanese vowels /a, i, u, e, o/ were measured.
Nonuniform relationships among the vocal tract dimensions of a boy, a female and a male were quantitatively investigated for the five Japanese vowels based on the VT shapes thus measured.
We believe that the data on the VT area functions and on the nonuniform VT demensions given in this paper for the three subjects are useful in gaining a deeper insight into the speech production process.
